Abstract. Biomechanical analyses seek to improve understanding of the mechanisms of knee injury and to find ways to reduce knee injury incidence. Many clinical biomechanics researchers use a standard kinematic adopted from Newington Children's Hospital. Biomechanical studies include the knee joint configurations, where joint architecture immutably constrains and guides movement outcomes. Investigators will default to reporting resultant joint deformation without considering the influence of joint architectural configurations on kinematic responses. The purpose of this study was to develop a new joint angular kinematic method that accounts for influence of dynamic joint architectural configuration on deformation values. Twenty subjects performed unloaded dynamic flexion/ extension and 45° cutting maneuver. The knee deformation angles obtained with the new method proposed were compared with the values that obtained using the standard method. One way repeated measurement ANOVA's was used to compare knee deformation angles values from the standard method that uses a static trial and the new method that uses a dynamic trial. The proposed method distinguishes between dynamic joint architectural configuration and joint deformation. Loaded standard abduction/adduction (β) and rotation (γ) angles were 3.4 ±1.8° and 11.2 ±3.8°, respectively. Using the new method, the β and γ angles decrease to 1.5 ±1.4° (<0.05) and 7.1 ±1.8° (<0.05) during cutting. The new method accounted for dynamic joint architectural configuration produced loaded β and γ angles that had smaller magnitudes than the standard method, suggesting that previous studies may have overestimated β and γ angles. Injury management strategies could be influenced by a consideration for dynamic joint architectural configuration. Such a consideration could influence ligament repair strategies. Future studies should account for dynamic configuration when establishing the influence of joint deformation on graft design and appropriate isometry values during reconstruction.
Introduction
Knee injuries are common in daily and exercise activities and amount to between 12% and 19% of all injuries (Arendt, Dick, 1995; Swenson et al., 2013) . Anterior cruciate ligament (ACL) injuries create substantial financial impact with costs related to orthopaedic care and rehabilitation in the United States reaching approximately $850 million each year. (Di Stasi, Myer, Hewett, 2013; Griffin, Agel, Albohm, 2000) Additional evidence suggests that when the knee is flexed less than 40° represents the most unprotected range for ACL tears as consistently reported in cadaveric (Kanamori, Woo, Ma, 2000; Markolf, O'Neil, Jackson, 2004) , in vivo (Heijne, Fleming, Renstrom, 2004; Pedowitz, O'Connor, Akeson, 2003) and computer simulation (Pandy, Shelburne, 1997; Pflum, Shelburne, & Torry, 2004 ) studies of ACL strain or force. Biomechanical analyses seek to improve understanding of the mechanisms of knee injury and to find ways to reduce knee injury incidence (Di Stasi et al., 2013; Haddas, James, Hooper, 2015; Haddas, Yang, Sizer, 2015; Jung et al., 2013; Liu-Barba, Hull, Howell, 2007; Patzkowski et al., 2012) . These biomechanical studies usually include analysis of knee joint deformation, where joint architecture immutably constrains and guides movement outcomes (Liu-Barba et al., 2007; Wilson, Feikes, Zavatsky, O'Connor, 2000) . Second, they attempt to assess resultant knee joint torques that could produce joint deformation, or changes in the architecture that could change the movement outcomes (Besier, Lloyd, Ackland, Cochrane, 2001; Liu-Barba et al., 2007; Uygur, Richards, Jaric, Freitas, Barlow, 2009) .
Deformation defines as segment change in orientation as a result of the application of external stress to it, which cause increase/decrease in angular movement (Schafer, 1987) . Unfortunately, investigators will default to reporting resultant joint deformation without considering the influence of joint architectural configurations caused by bone structure, articular cartilage, muscles and ligaments on kinematic responses (Chow, Hemleben, Stokic, 2009; Ferber, Davis, Williams, 2003; MacLean, Davis, Hamill, 2006; Malinzak, Colby, Kirkendall, Yu, Garrett, 2001; Pollard, Davis, Jamill, 2004; Uygur et al., 2009 ). This shortfall could lead to error in estimating joint kinematic responses that relate to performance and injury.
Cadaveric research supports in-vivo consideration for joint configuration changes during joint kinematic measures (Liu-Barba et al., 2007; Wilson et al., 2000) . Several investigators have reported configuration changes in the directions of varus/valgus and internal/external rotation when measuring flexion/extension movements in cadaveric knees (Blankevoort, Huiskes, de Lange, 1988; Liu-Barba et al., 2007; Wilson, Feikes, O'Connor, 1998; Wilson et al., 2000) .
Many clinical biomechanics researchers use a standard kinematic method proposed by Davis et al. and Kadaba et al., adopted from Newington Children's and Helen Hayes Hospitals, which serves to define joint kinematic and kinetic responses during human movement (Davis, Ounpuu, Tyburski, Gage, 1991; Kadaba, Ramakrishnan, Wootten, 1990) . These investigators adopted a standard method for calculating knee joint angular positions and motions necessary for assessing injury risk. As a preliminary step before collecting any trial in this method, the investigators attempt to collect a standing static trial in order to "zero" the joints angles during subject analyses. This defines the starting place for subsequent movement measurement (Davis et al., 1991; Kadaba et al., 1990) .
Using a static trial in order to calculate the resultant joint deformation angle at the knee as determined by the standard method is commonly troubled by an important methodological problem. The standard static trial does not account for lax ligament, cartilage deficiencies, bony abnormalities, and tightness of structures surrounding the joint during dynamic configuration. While traditional method may account for the influence of static joint architectural configuration on deformation angles, they do not account for the influence of dynamic configuration on those same angles. This could lead to error in kinematic calculations involved in basic and science, as well as clinical assessment and management strategy choices in the orthopaedic population.
The knee is a triplanar joint with kinematic coupling between flexion/extension, varus/valgus, and internal/ external rotation (Andriacchi, Koo, Scanlan, 2009) . As a consequence of joint architectural configuration, the obliquity of the actual anatomical knee flexion/extension axis relative to the long axes of the thigh and shank produce knee varus/valgus and internal/external rotation angular displacement (Liu-Barba et al., 2007; Wilson et al., 1998) . Additional external loading, which potentially create a torque or stress, during an activity may potentially produce additional varus/valgus and internal/external rotation angular displacement depending on the magnitude of the external loading and the geometry and integrity of the knee joint. In other words, the dynamic knee motion (without any additional external load) may already exhibit varus/valgus and internal/external rotation angles. Thus, any measures of joint architectural configuration and any use of those measures when determining deformation angles must account for the changes in joint axis obliquity through the range of motion that influence a dynamic joint architectural configuration outcome.
Kinematic measurement accuracy is essential when assessing kinematic and kinetic calculations (i.e. joint angular accelerations, joint powers etc.). Small errors in these calculations could lead to larger errors in further calculations germane to biomechanical assessment of the entire lower quarter. Practically, similar errors may change perspectives on ligament graft isometry, design and use of dynamic joint bracing, joint replacement and limb prosthetics (Fitzpatrick, Clary, Laz, Rullkoetter, 2012; Jung et al., 2013; Kent & Franklyn-Miller, 2011; Patzkowski et al., 2012) .
There is a reasonable solution to the problems associated with discounting the influence of dynamic joint architectural configuration on deformation values. Accurate deformation values could be calculated by subtracting the angles of the relatively unloaded dynamic trial from those of the loaded condition. However, the issue is more complex, since the varus/valgus (β Cardan angle) and internal/external rotations (γ Cardan angle) of the knee in the dynamic trial condition should be expected to vary throughout the range of knee flexion/extension, as witnessed in the previously described cadaveric studies (Liu-Barba et al., 2007; Wilson et al., 1998; Wilson et al., 2000) . To account for this complexity, a dynamic trial that assesses architectural configuration throughout the entire range of knee motion can be used to establish the dependence of the β and γ Cardan angles upon the simple knee flexion angle (α). Subsequently, these β and γ angles can be subtracted from those of loaded trials to calculate the β and γ deformations of the knee that were only due to the external load and not due to the external load and joint architectural configuration.
The purpose of this study was to develop a new joint angular kinematic method that distinguishes between dynamic joint architectural configuration and joint deformation. The proposed method is innovative and unique, in that it is the first to consider the influence of dynamic architectural configuration trial values on calculating knee deformation angles.
Methods
Twenty subjects (ten male (1.87 ±0.11 m, 90 ±14 kg) and ten female (1.67 ±0.11 m, 69 ±19 kg) participated in the investigation. All the subjects were healthy varsity basketball players. All participants read and signed an informed consent form approved by the affiliated university's Institutional Review Board for the protection of human subjects. The subjects performed six slow dynamic trial knee flexion/extension of the right shank on the femur while sitting in open kinetic chain from proximally 90° to 180° (full extension). The subjects performed three cutting maneuver which they ran forward 8 meters at a moderate target speed of 5.5-6.5 m/s, stepped on the force platform with the right leg, and executed a 45º angle cutting maneuver to the left. All trials, the dynamic and the cutting maneuver were averaged. Six Vicon cameras (Oxford Metrics, Ltd., Oxford, United Kingdom) captured the motions of spherical reflective markers attached to the subjects' skin, at a sampling rate of 100 Hz and calculated 3D coordinates for the markers. The instants of right foot landing and takeoff in the cutting maneuver were determined using an AMTI Model OR6-7-1000 force platform embedded in the floor (Advanced Mechanical Technology, Inc., Watertown, MA) synchronized with the Vicon and gathering data at a sampling rate of 1000 Hz. Ten spherical reflective markers were attached to the subjects' skin in the following locations: left and right anterior superior iliac spines (ASIS); left and right posterior superior iliac spines (PSIS); medial and lateral of the femoral epicondyles of the right leg; medial and lateral malleoli of the right leg.
The positions of the ASIS bony landmarks were estimated from the positions of the ASIS marker centers, the distance from each marker center to the corresponding ASIS bony landmark, and a convergence angle in the transverse plane of the pelvis. The distance from the ASIS marker center to the ASIS bony landmark was the sum of the 15.7 mm distance from the marker center to the skin and 8 mm of estimated tissue thickness (Bush & Gutowski, 2003) . The right hip joint was estimated to be located at distances of 36%, 22% and 30% of pelvic width laterally, posteriorly and caudally, relative to the midpoint between the ASIS bony landmarks (Bell, Brand, Pedersen, 1989; Seidel, Marchinda, Dijkers, Soutas-Little, 1995) . The right knee was calculated as the midpoint between the medial and lateral knee markers, and the right ankle as the midpoint between the medial and lateral ankle markers. Quintic spline functions were fit to the time-dependent coordinates of each body landmark with a smoothing factor equivalent to a 15 Hz digital filter (Woltring, 1986) .
Two non-inertial right-handed orthogonal reference frames were defined for the thigh (R T ), and shank (R S ) of the right lower extremity. The 3D orientations of the three axes of R T and R S were calculated for all times of the dynamic trials. The knee configuration was calculated for every normalized time-point of the dynamic trial. This was expressed in terms of the three Cardan angles (α, β and γ) that would be needed to rotate R S into an orientation identical to that of R T in α-β-γ order of rotations.
The α, β and γ angles of the shank relative to the thigh were calculated for the loaded cutting conditions. The predicted β and γ angles of the dynamic trial were then subtracted from the β and γ angles of the loaded condition to calculate, respectively, the deformations of the knee joint in the directions of varus/valgus (β) and internal/external rotation (γ) during the loaded trial. The average knee deformation angles between landing to take off obtained with the new kinematic method proposed using a dynamic trial were compared with the average values that would have been obtained using the standard kinematic method with a static trial for each subject. One way repeated measurement ANOVA's were used to compare knee deformation angles values from the standard method that using a static trial and the new method that using a dynamic trial.
results
The proposed joint angular kinematic method, using a dynamic trial instead of static trial, distinguishes between dynamic joint architectural configuration and joint deformation. The polynomials of the β and γ versus simple knee angle (knee flexion) relationships was plotted in the all dynamic trials (Figures 1 and 2) . The dynamic trial β values showed little intra-subject variability, but γ values were more variable as supported by the literature (Table 1) (Blankevoort et al., 1988; Liu-Barba et al., 2007; Wilson et al., 1998; Wilson et al., 2000) .
Analysis of the dynamic maneuver with the new kinematic method proposed produces smaller deformation values compared to the standard kinematic method (Table 1, Figure 3) . The mean and standard deviation (SD) of static trial abduction/adduction (β) and internal/external rotation (γ) angles were 0.9 ±0.7° and 2.1 ±2.0°, respectively. The mean and SD of dynamic trial abduction/adduction (β) and internal/external rotation (γ) angles were 3.3 ±1.9° and 4.9 ±3.2°, respectively. The relationships of β and γ with simple knee angle (knee flexion) was plotted with all table 1. Descriptive (mean ± SD) results for mean knee joint angles using the standard method (using static trial) and the suggested method (using dynamic trial) during a cutting maneuver for all subjects (n = 16) in the relatively unload dynamic trials of a representative subject figure 3. Knee architecture and knee deformation (β) using the standard method versus the suggested method during cutting maneuver available dynamic trials, and the 6th degree polynomials fitted to the β and γ angles. Using the standard kinematic method when taking to account the static trial only, loaded standard β and γ angles were 3.4 ±1.8° and 11.2 ±3.8°. Using the new method when taking to account the dynamic trial, the β and γ angles were 1.5 ±1.4° (P < 0.05) and 7.1 ±1.8° (P < 0.05) during cutting (Table 1) .
Discussion
The purpose of this study was to develop a new joint angular kinematic method that accounts for the influence of dynamic joint architectural configuration on deformation values using a dynamic trial instead of dynamic one. The new method accounted for dynamic joint architectural configuration produced loaded β and γ angles that had smaller magnitudes than the standard method. The results of the current analyses suggest that previous studies overestimate β and γ angles by using the standard kinematic method based on static trials (Chow et al., 2009; Davis et al., 1991; Ferber et al., 2003; Kadaba et al., 1990; MacLean et al., 2006; Pollard et al., 2004; Uygur et al., 2009) . By using the standard kinematic method, results reported by previous studies may have failed to exclude dynamic joint architectural configuration when reporting joint deformation values, thus distorting their outcomes.
Our findings support previous cadaveric studies that exhibited a distinction between knee joint architecture and knee deformation angles and reflected structural differences between different knee specimens (Blankevoort et al., 1988; Liu-Barba et al., 2007; Wilson et al., 1998; Wilson et al., 2000) . The results of the current study support that dynamic joint architectural configuration in the knee already create varus/valgus and internal/external rotation structural angles (Figures 1 and 2) . The β and γ values, when using a static trial, represent the knee architectural configuration and joint deformation as knee deformation, whereas using a dynamic trial for dynamic joint architectural configuration reduces knee deformation angle outcomes (Figure 3 , Table 1 ). The β and γ angles of the dynamic trial motions demonstrated a moderate tendency to follow patterns similar to those of the loaded activities. Therefore, the β and γ angles using the new proposed method generally reached less extreme values versus using the standard method.
While considerable attention has been given to the influence of joint deformation on human performance, (Besier et al., 2001; Ferber et al., 2003; MacLean et al., 2006; Malinzak et al., 2001; Pollard et al., 2004) a consideration for dynamic joint architectural configuration on that performance is wanting. The influence of such configurations on joint kinematics and kinetics during high performance and duress must be examined. Any conclusions could fine tune training strategies based on dynamics changes in loading throughout the joint range.
Along to our findings, the new method has several limitations: (1) different dynamic trial position should be considered; (2) we acknowledge limitations associated using the marker set including skin movement, anthropometric model, system tracking error and data smoothing procedure error; and (3) this method should be examined on people with knee pathology.
Conclusion
The findings from this new kinematic method could potentially improve the understanding of the mechanisms that produce injury. Any overestimation when reporting joint deformation may result in overlooking other underlying factors that influence injury.
Injury management strategies could be influenced by a consideration for dynamic joint architectural configuration. Such a consideration could influence ligament repair strategies. Future studies should account for dynamic configuration when establishing the influence of joint deformation on graft design and appropriate isometry values during reconstruction. To date, investigators have not accounted for dynamic joint architectural configuration in the design and use of dynamic joint bracing and limb prosthetics. Such a consideration could influence the dynamics of the brace or prosthetic articular mechanism, thus influencing design and production. Finally, dynamic joint configuration should be considered when addressing the challenges joint prosthetic design, production and implantation using the proposed new kinematic method for calculating dynamic knee configuration angles.
